T he ECM is known to have a great influence on the growth and differentiation of various cell types. For example, the ECM is required for the survival of endothelial and epithelial cells and for the proliferation of fibroblasts. [1] [2] [3] Moreover, the expression of differentiation-specific proteins (eg, ␤-casein) by mammary epithelial cells requires a specific combination of growth factors and hormones plus the right ECM substratum. 4 The ECM has also been found to regulate VSMC phenotype. VSMCs that are removed from their tissue of origin and placed in cell culture gradually modulate from a contractile to a synthetic phenotype in a manner that is thought to recapitulate the modulation seen in disease states in vivo. [5] [6] [7] [8] ECM molecules such as collagen, FN, and laminin can influence the phenotypic modulation of VSMCs in culture. 9 For example, VSMCs grown on fibrillar collagen matrices do not proliferate, whereas those grown on monomeric collagen coated onto a dish do proliferate. 10, 11 This inhibition of VSMC proliferation by fibrillar collagen has been found to be due to upregulation of cdk2 inhibitors. 12 Another example of the regulation of VSMC modulation by ECM molecules can be seen with laminin and FN. VSMCs that are cultured on laminin retain a contractile phenotype longer than do cells cultured on FN. [13] [14] [15] Moreover, cells cultured on laminin plus synthetic peptides containing the RGD integrin-binding motif found in FN retain a contractile phenotype longer than do cells cultured on laminin alone. 13, 15 The experiments described above do not distinguish whether the maintenance of a contractile phenotype was due to the inhibition of integrins binding to FN or to the inhibition of FN matrix assembly.
FN matrix assembly is a cell-mediated process that involves the binding of FN to cell surface receptors (integrins) and to cell-associated FN molecules. 16, 17 The interaction between the FN receptor integrin ␣5␤1 18 and the RGD site of FN 19 is required for matrix assembly in most cellular systems. 20 -25 However, other RGD-binding integrins (eg, ␣IIb␤3 and ␣v␤3) can support FN matrix assembly. 26, 27 FN matrix assembly also requires specific FN-FN binding interactions at the cell surface. The regions in FN that have been shown to be involved in FN-FN binding and are required for proper matrix assembly of the molecule include the N-terminal 70-kD region, the first type III repeat, and the 10th type III repeat. 16,17,28 -36 We have previously identified a recombinant protein representing a C-terminal portion of the first type III repeat in FN (protein III 1 -C) that is able to induce spontaneous in vitro disulfide cross-linking of FN. 37 The III 1 -C protein also enhances FN matrix assembly on CHO cells and enhances the binding of cells to FN.
As described above, RGD peptides enhance the maintenance of the contractile phenotype in VSMCs cultured on laminin; however, it is not known whether this is due to the inhibition of integrins binding to FN or to the inhibition of FN matrix assembly. Moreover, although culturing cells on dimeric FN is known to accelerate VSMC phenotypic modulation, the influence of VSMC FN matrix assembly on growth and modulation is not known. In the present study, we have used the III 1 -C protein to alter the FN matrix assembly of VSMCs to test the role of FN matrix assembly on VSMC growth. The results indicate that III 1 -C inhibits VSMC FN matrix assembly and that this leads to an inhibition of cell proliferation.
Materials and Methods

Materials
HUASMCs and Sm-GM2 medium were purchased from Clonetics. IMR-90 human lung fibroblasts (ATCC CCL-186), NIH 3T3 fibroblasts (ATCC CRL-1685), and A7r5 rat aortic SMCs (ATCC CRL-1444) were obtained from the American Type Culture Collection. DMEM, glutamine Pen-Strep, and mouse laminin were acquired from Life Technologies, Inc. FBS was purchased from Sigma Chemical Co. Plasma FN and rabbit anti-human FN antibodies were a generous gift of Dr Erkki Ruoslahti (Burnham Institute, La Jolla, Calif). FITC-labeled goat anti-rabbit IgG was from Organon Teknika. Texas red-labeled goat anti-mouse IgG was from Calbiochem. Anti-␣5 mAb was from PharMingen, and anti-phosphotyrosine rabbit serum was a kind gift of Dr Wei Li (University of Chicago, Ill). Antibodies used for FACS analysis were as follows: anti-␣1, TS2/7 (ATCC); anti-␣2, AK-7 (PharMingen); anti-␣3, A3-X8 (gift of Drs R. Pasqualini and E. Ruoslahti, Burnham Institute, La Jolla, Calif); anti-␣v (Chemicon); anti-␤1, TS2/16 (ATCC); anti-␤3, CD-61 (Becton Dickinson); and anti-␤5, IA9 (gift of Drs R. Pasqualini and E. Ruoslahti). Growth factor-reduced Matrigel was obtained from Becton Dickinson. mAb L8 was a kind gift of Dr Victor Koteliansky (Institute of Cardiology, Moscow, Russia). [ 3 H]Thymidine (50 Ci/ mmol) was obtained from Amersham. 35 S-Translabel was from ICN. SDS-PAGE gels (4% to 20% polyacrylamide gradient) were from Novex. Protease inhibitor cocktail used in immunoprecipitation was the Complete protease inhibitor cocktail from Boehringer-Mannheim. Protein A Sepharose was from Pharmacia LKB. All other reagents were purchased from Sigma.
Cell Culture
HUASMCs were cultured in Sm-GM2 medium, which contains 5% FCS, 10 ng/mL human epidermal growth factor, 2 ng/mL human fibroblast growth factor, 5 g/mL insulin, 50 g/mL gentamicin, and 50 ng/mL amphotericin. HUASMCs were typically between passages 5 and 9 for experiments. Primary rat aortic SMCs were a kind gift of Dr Michael Parmacek (University of Chicago, Ill) and were grown in either Sm-GM2 or 50% DMEM, 50% Ham's F-12 plus 10% FBS, and glutamine Pen-Strep. HUVECs were isolated from umbilical veins as described previously. 38 HUVECs were cultured in Dulbecco's medium 199 supplemented with 20% FBS, 50 g/mL heparin, 30 g/mL endothelial cell growth supplement, and glutamine Pen-Strep and were in passage 1 for the present study. IMR-90 cells, NIH 3T3 cells, and A7r5 cells were cultured in DMEM supplemented with 10% FBS and glutamine Pen-Strep. IMR-90 cells were in passage 12 for the present study.
Recombinant Protein Production
Proteins III 1 -C and III 11 -C (previously called III 11 , Ref 37) were produced in bacteria and purified as described previously. 37 Stock protein solutions were typically 800 mol/L for III 1 -C and 260 mol/L for III 11 -C in PBS.
Cell Growth Analyses
For DNA synthesis analysis, wells of 24-well cluster dishes (Fisher) either were left uncoated or were coated with 20 g/mL FN, 20 g/mL laminin, or 100 g/mL growth factor-reduced Matrigel. All protein solutions were in PBS. After coating at RT for 1 hour, wells were washed extensively with PBS, and then cells were added. Cells were plated at a density of 1.5 to 3ϫ10 3 per well and then allowed to attach and spread for 30 minutes at 37°C. III 1 -C, III 11 -C, or mAb L8 was then added to the appropriate wells, and the cells were cultured in the presence of these treatments for the duration of the experiment. At the appropriate time, the rate of DNA synthesis was measured by 1-or 2-hour pulse labelings with 10 Ci/mL [ 3 H]thymidine as previously described. 39 Student's t test was performed to determine the statistical significance of the differences seen between III 1 -C-treated cultures and control-treated cultures.
The effect of III 1 -C on cell growth was also measured by determining the increase in cell number of the cultures. Wells of six-well cluster dishes either were left uncoated or were coated with 20 g/mL FN as described above. HUASMCs were plated at a density of 10 000 cells per well and then allowed to attach and spread for 30 minutes at 37°C. III 1 -C or III 11 -C was then added to the appropriate wells, and the cells were cultured in the presence or absence of these recombinant proteins for the duration of the experiment. After 1, 3, and 7 days of culturing, cells were harvested by trypsinization, and the number of cells in each population was measured with a hemocytometer.
Immunofluorescence Assays and Quantification of FN Matrix Assembly
Cells were cultured as described for DNA synthesis analysis above, except that glass coverslips were placed in the wells of the 24-well dishes before coating with ECM proteins. After 2 to 4 days in culture, cells were fixed for 30 minutes at RT with 3.7% paraformaldehyde and 60 mmol/L sucrose in TBS. Cells were then washed with 0.5% goat serum/TBS, permeabilized with 1% Triton X-100 in TBS, washed again, and then incubated for 2 hours at RT with either 10 g/mL of rabbit polyclonal anti-human FN IgG in 5% goat serum/ TBS (for Figs 6 and 7) or 1:1000 dilution of anti-phosphotyrosine rabbit serum plus 20 g/mL anti-␣5 mAb in 5% goat serum/TBS (for Fig 4) . The cells were then washed and incubated for 1 hour at RT with either FITC goat anti-rabbit antibodies or FITC goat anti-rabbit antibodies plus Texas red goat anti-mouse antibodies. The coverslips were mounted and visualized with a ϫ40 oil-immersion objective on a Zeiss Axioskop fluorescence microscope, and images were captured by using a Photometrics PXL CCD camera connected to a Silicon (Fig 4) or connected to an Apple Macintosh using the OpenLab software suite (Figs 6 and 7) . For Figs 4 and 6, the images were composited and labeled in Adobe Photoshop and output to a Kodak dye-sublimation printer. The images were not altered in any way on the computers.
The amount of FN matrix assembly was quantified as follows: In this immunofluorescence assay, FN fibrils were brighter than the surrounding fibril-free areas and brighter than the background fluorescence emitted by cell bodies (see Fig 6 for examples) . Therefore, the amount of area occupied by FN fibrils in each image was determined by using the NIH Image v1.6.1 program to measure the amount of area occupied by pixels that were brighter than the background fluorescence emitted from cell bodies. More than 20 images from each condition (III 1 -C and III 11 -C) were analyzed, and then the averages and standard deviations were calculated. The data were also analyzed by Student's t test.
Apoptosis Assays
Cells were cultured on coverslips as described for immunofluorescence analysis above. At the appropriate times, cells were fixed for 30 minutes at RT with 3.7% paraformaldehyde and 60 mmol/L sucrose in TBS. Cells were washed three times with PBS, permeabilized with 0.5% Triton X-100 and 0.1% sodium citrate in PBS, washed again, and then incubated for 1 hour at 37°C with the TUNEL assay solution (from the In Situ Cell Death Detection Kit, Fluorescein, BoehringerMannheim). Cells were then washed two times with PBS and incubated for 20 seconds with 1 mmol/L DAPI in PBS. Cells were washed two times with PBS, and the coverslips were mounted and analyzed with a ϫ20 oil-immersion objective on a Zeiss Axioskop fluorescence microscope.
FN Synthesis Assay
HUASMCs were cultured as described above for DNA synthesis assays, except that 10-cm-diameter dishes were used instead of 24-well plates. After 24 hours of culturing in the presence or absence of either III 1 -C or III 11 -C, cells were washed two times, 5 minutes per wash, with Met/Cys-free DMEMϩ10% FBSϩglutamine Pen-Strep. Cells were then cultured in 3 mL of fresh Met/Cys-free mediumϮIII 1 -C or III 11 -C (where appropriate) plus 200 Ci 35 S-translabel for 30 minutes at 37°C. Plates were washed with ice-cold PBS and then lysed in RIPA buffer plus protease inhibitor cocktail. Lysates were precleared by centrifugation at 12 000g for 15 minutes at 4°C, and then the amount of 35 S incorporated into TCA-precipitable counts was measured. Lysates were brought to equal TCA-precipitable counts per milliliter, and then FN was immunoprecipitated with polyclonal anti-FN IgG. The antibodies were collected onto protein A Sepharose beads, washed four times with RIPA, and then boiled in SDS-PAGE sample buffer containing 2-mercaptoethanol. Samples were electrophoresed on a 4% to 20% polyacrylamide gradient gel, the gel was dried, and the radioactive proteins were detected by an 18-hour exposure with a Molecular Dynamics PhosphorImager.
Integrin Expression Analysis
HUASMCs were cultured as described above for DNA synthesis assays, except that cells were cultured on 10-cm-diameter dishes instead of 24-well dishes (cells were seeded at 3ϫ10 5 cells per 10-cm dish). After 24 hours of culturing in the presence or absence of either III 1 -C or III 11 -C, cells were harvested by trypsinization and then washed with ice-cold FACS wash solution (0.5% goat serum and 30 mmol/L NaN 3 , in PBS). Cells (30 000 cells per sample) in suspension were incubated individually with anti-integrin mAbs (1:500 dilution of ascites in FACS wash solution) for 30 minutes at 4°C. Cells were then washed three times with FACS wash solution, and then the cells were incubated with FITC goat anti-mouse IgG diluted in FACS wash solution. After 30 minutes with the secondary antibody, cells were washed three times, and then they were resuspended in PBS plus 0.2% paraformaldehyde. The samples were then analyzed on a FACScan flow cytometer (Becton Dickinson). The data were graphed, and the mean fluorescence intensities were calculated by using the WinMDI 2.5 program by Joe Trotter of the Scripps Research Institute (La Jolla, Calif).
Results
The recombinant FN fragment III 1 -C was used to test the role of FN matrix assembly on VSMC growth. HUASMCs were cultured on FN-coated dishes in either the presence or absence of III 1 -C. As shown previously, [13] [14] [15] VSMCs cultured on FN-coated dishes proliferate at a higher rate than do cells cultured on uncoated dishes (Fig 1A, bars labeled The effect of III 1 -C on total cell number was consistent with the effect of the peptide on DNA synthesis shown above. Over the span of 7 days, HUASMCs cultured on uncoated dishes increased in cell number by 460% (Fig 1B, control) . At the same time, cells cultured on FN or on FN plus the control protein III 11 -C in the medium increased by 660% and 650%, respectively ( Fig 1B, FN and FNϩ11C) . In contrast, cells cultured on FN-coated dishes plus III 1 -C in the medium increased in cell number by only 75% (Fig 1B, FNϩC) . Thus, both proliferation assays ([ 3 H]thymidine incorporation and cell counting) indicated that III 1 -C inhibits HUASMC growth.
The time course of the effect of III 1 -C on HUASMC DNA synthesis was determined by measuring the rate of DNA synthesis either 3, 5, 24, or 48 hours after the addition of III 1 -C. III 1 -C had no effect on VSMC DNA synthesis after 3 and 5 hours; however, at 24 and 48 hours, III 1 -C inhibited DNA synthesis by 75% and 81%, respectively, compared with the untreated cultures (Fig 2) . As described in "Discussion," this lag in inhibition of DNA synthesis by III 1 -C may indicate that III 1 -C inhibits HUASMC growth at a specific stage in the cell cycle (eg, at the G 1 -to S-phase transition).
One possible explanation for the inhibition of cell growth by III 1 -C is that III 1 -C may be inducing HUASMC apoptosis. To test this, HUASMCs were treated with or without III 1 -C for 1 to 4 days, and at each day the percentage of cells in apoptosis was determined by DAPI staining of DNA and by TUNEL assay. All cultures gave similar results: Ͻ1% of the cells were apoptotic in all of the culture conditions (not shown). Thus, III 1 -C does not induce HUASMC apoptosis, and the inhibition of DNA synthesis must be due to a mechanism other than induction of programmed cell death.
To determine whether III 1 -C could inhibit the growth of other cell types, we tested the effect of the peptide on primary rat aortic SMCs, the A7r5 VSMC line, IMR-90 and NIH 3T3 fibroblasts, and endothelial cells. Treatment of IMR-90 fibroblasts and HUVECs with III 1 -C resulted in no change in DNA synthesis compared with untreated or control-treated cultures (Fig 3) . III 1 -C also did not inhibit the growth of NIH 3T3 cells (not shown). In addition, III 1 -C had no significant effect on the proliferation of an established rat VSMC line, A7r5 (Fig 3) . However, III 1 -C did significantly inhibit the proliferation of primary rat aortic SMCs (Fig 3) . These results indicate that III 1 -C does not inhibit the growth of various cell cultures and cell lines but does inhibit the growth of normal diploid rat and human VSMCs.
The mechanism by which III 1 -C inhibits VSMC growth was addressed by analyzing the effect of III 1 -C on FN receptors. For nontransformed fibroblasts it has been shown that cell adhesion to the ECM is essential for progression through the cell cycle. 40, 41 Thus, if III 1 -C disrupts the adhesion of VSMCs to the FN-coated on the dish, this could potentially lead to cell cycle arrest. The main FN receptor on SMCs is the integrin ␣5␤1; thus, we analyzed the effect of III 1 -C on ␣5␤1-FN interactions. The only ECM ligand for ␣5␤1 is FN, and when ␣5␤1 is bound to FN, the integrin becomes concentrated in focal adhesions. [42] [43] [44] [45] Moreover, when ␣5␤1 is not bound to FN, it remains diffusely distributed across the cell membrane, even if the cell contains focal contacts. 45 Thus, the only time ␣5␤1 is found in focal contacts is when it is bound to its ligand, FN, in the ECM. Therefore, one measure of ␣5␤1 binding to FN in cultured cells is to determine the subcellular distribution of ␣5␤1; localization of ␣5␤1 to focal contacts indicates that this integrin is bound to FN. Antiphosphotyrosine antibodies were used to identify the locations of focal contacts, as has been previously shown. [46] [47] [48] In control cells seeded onto uncoated plastic, ␣5␤1 was diffusely distributed, even though these cells did contain prominent focal contacts (Fig 4, control panels) . A few focal contacts did contain ␣5␤1, but most focal contacts in the control cultures were devoid of ␣5␤1. This is consistent with the wellestablished finding that cells seeded onto uncoated culture dishes in the presence of serum attach to and spread on vitronectin from the serum that has adhered to the culture dish and that the main vitronectin receptors in VSMCs are ␣v-containing integrins (not ␣5␤1).
In contrast to the results described above with uncoated wells, most of the focal adhesions in cells cultured on FNcoated wells contained ␣5␤1 (Fig 4, FN , FNϩC, and FNϩ11C panels). Note that in the cultures treated with III 1 -C, the ␣5␤1 staining of the focal contacts was perhaps less intense than in the cultures treated with the control protein III 11 -C. However, most of the focal contacts in these cells did contain ␣5␤1. This result indicates that III 1 -C does not inhibit the localization of ␣5␤1 to focal contacts.
The effect of III 1 -C on overall integrin expression was also determined. III 1 -C-and III 11 -C-treated HUASMCs were subjected to FACS analysis with a battery of anti-integrin antibodies. HUASMCs were found to express ␣1␤1, ␣2␤1, ␣3␤1, ␣5␤1, and ␣v␤3, but no ␣v␤5 (Fig 5 shows results with anti-␣2, -␣3, -␣5, and -␤1) (note that the cells may also express ␣v␤1, but the available antibodies cannot specifically distinguish that integrin subunit combination in a FACS analysis). Treatment of HUASMCs with III 1 -C resulted in no significant change in integrin expression (Fig 5; ␣1 , ␣v, and ␤3 also did not change but are not shown). Thus, III 1 -C did not reduce relative integrin expression levels on the VSMCs.
The mechanism by which III 1 -C inhibits VSMC growth was addressed next by analyzing the effect of III 1 -C on FN matrix assembly. All of the cell types tested (HUASMCs, A7r5 cells, IMR-90 cells, and HUVECs) assembled an FN matrix, although the most extensive fibrils were produced by the HUASMCs and the IMR-90 fibroblasts (Fig 6, control panels) . Cells grown on FN or additionally treated with the control protein III 11 -C also assembled fibrillar FN matrices (Fig 6, FN and FNϩ11C panels). By contrast, III 1 -C-treated cells in each case produced short, faint, fibril-like stitches that stained with anti-FN antibodies but had none of the typical prominent FN fibrils seen in the control cultures (Fig 6, FNϩC panels) .
The effect of III 1 -C on FN matrix assembly was quantified next. Rat aortic SMCs were grown in the presence of either III 1 -C or III 11 -C for 3 days, and then the cultures were analyzed by immunofluorescence with anti-FN antibodies as described above. The amount of area occupied by FN fibrils was quantified in randomly chosen fields. The data demonstrate that III 1 -C inhibited FN matrix assembly by Ϸ90% (Fig  7) . The results shown in Figs 6 and 7 indicate that III 1 -C significantly inhibited FN fibril formation in each of the cell types tested.
One way in which III 1 -C could potentially reduce FN matrix assembly is by inhibiting FN synthesis. The effect of III 1 -C on HUASMC FN synthesis was studied by labeling proteins with 35 S-translabel and then immunoprecipitating with anti-FN antibodies. The 35 S labeling revealed that overall protein synthesis was 60% to 65% lower (on a per-cell basis) in HUASMCs were cultured in the presence or absence of III 1 -C or III 11 -C as described in the legend to Fig 1, except that cells were cultured on glass coverslips. After 2 days in culture, the cells were fixed and processed for indirect immunofluorescence as described in "Materials and Methods," with polyclonal antiphosphotyrosine antibodies (to detect focal contacts, left panels labeled pTyr) and a monoclonal anti-␣5 antibody (to detect the integrin ␣5␤1, right panels labeled ␣5). The primary antibodies were detected with FITC-labeled anti-rabbit and Texas red-labeled anti-mouse secondary antibodies. Arrows show the locations of corresponding areas in the pairs of panels. Note that in all cultures seeded onto FN there is extensive colocalization between phosphotyrosine and ␣5, whereas in the control culture (seeded onto uncoated glass) there is relatively little colocalization. The experiment was repeated three times with similar results each time. Similar results were also obtained with cells that had been cultured for 1 day and for 4 days. Barϭ25 m.
III 1 -C-treated cells than in control-treated cells (data not shown). However, III 1 -C had no specific effect on FN synthesis. When cell lysates were equalized for total TCAprecipitable counts, the amount of 35 S-labeled FN produced from III 1 -C-treated and III 11 -C-treated cells was equivalent (Fig 8) . Therefore, although III 1 -C has no specific effect on the synthesis of FN, III 1 -C treatment does result in an overall reduction in protein synthesis. The net effect is that III 1 -Ctreated cells produce 60% to 65% less FN per cell than do control-treated cultures. Although this may play a part in the inhibited FN matrix assembly seen in III 1 -C-treated cells, it may not account for the entire inhibition of matrix assembly, because FN synthesis is only partially inhibited and because cells are able to produce FN fibrils from the FN found in the medium and the FN coated on the dish. 17 In any case, the above data indicate that III 1 -C inhibited FN matrix assembly and decreased overall protein synthesis but did not have any specific effect on FN synthesis. Thus, the inhibition of FN matrix assembly may be due in part to the decrease in overall protein synthesis and in part to competition during fibrillogenesis by direct interactions between III 1 -C and FN. 32, 35, 36 The matrix assembly results shown in Figs 6 and 7 suggest that III 1 -C may inhibit VSMC proliferation by inhibiting FN matrix assembly. If that is the case, other methods of inhibiting FN matrix assembly might also be expected to inhibit the proliferation of these cells. To test this hypothesis, HUASMCs were treated with the anti-FN mAb L8, which has previously been shown to inhibit FN matrix assembly. 49 Treatment of HUASMCs with mAb L8 resulted in a concentration-dependent inhibition of DNA synthesis (Fig 9) , indicating that inhibition of FN matrix assembly leads to inhibition of HUASMC proliferation.
Discussion
The results presented above demonstrate that III 1 -C inhibits VSMC growth. This effect was cell-type specific, since normal diploid HUASMCs and rat aortic SMCs were affected, but IMR-90 cells, A7r5 cells, NIH 3T3 cells, and HUVECs were not affected. III 1 -C did not reduce the relative expression of FN receptors on VSMCs. In addition, III 1 -C did not inhibit the localization of ␣5␤1 to focal contacts. However, III 1 -C did inhibit FN matrix assembly by every cell type tested. Moreover, inhibition of HUASMC FN matrix assembly by an anti-FN mAb also inhibited DNA synthesis. These results suggest that III 1 -C may inhibit VSMC DNA synthesis by inhibiting FN matrix assembly.
Hedin et al in 1988 13 and 1997 15 demonstrated that a nonproliferative contractile phenotype is maintained for longer periods when cells are cultured on laminin in the presence of In separate experiments, the expression levels of ␣1, ␣v, ␤3, and ␤5 were also found not to change significantly with III 1 -C treatment (not shown). Note that because of the effects of III 1 -C on cell growth, it was difficult to obtain enough III 1 -C-treated cells for the analyses; thus, the fluorescence profiles for III 1 -C samples are lower in number of events (y-axis) than the III 11 -C-treated samples. However, the fluorescence intensities (x-axis), which are the measures of integrin expression on the cell surface, were not significantly affected by III 1 -C treatment. RGD peptides than when cells are cultured on laminin alone. The RGD peptides in those studies had at least two effects: (1) inhibition of FN matrix assembly and (2) inhibition of RGDbinding integrins (eg, ␣5␤1 and ␣v␤3). Therefore, it was not possible to distinguish which effect of the RGD peptides was most important for the regulation of VSMC growth. The present study was designed to separate these two effects; by culturing cells on a FN coating with III 1 -C in the medium, we were able to inhibit FN matrix assembly without inhibiting integrin binding to FN. The results indicate that inhibition of FN matrix assembly is sufficient for the inhibition of VSMC proliferation.
Treatment of HUASMCs with III 1 -C did not result in an immediate inhibition of DNA synthesis; the effect was not seen with treatment times of Ͻ5 hours but was seen with Ն24 hours of treatment (Fig 2) . One possible explanation for this is that the cell populations that are being treated with III 1 -C are growing and are not synchronized in the cell cycle at the time of addition of III 1 -C. Previous work has shown that the ECM exerts its effects on the proliferation of fibroblasts at the G 1 -to S-phase transition in the cell cycle. 40, 41 If the same is true for III 1 -C treatment of VSMCs, then the only cells that will be affected immediately after the addition of III 1 -C are the cells that are just entering S phase; this is likely to be only a small proportion of the total cell population. The work with fibroblasts has shown that after entering S phase, cells no longer require attachment to the ECM to complete the cell cycle. Although III 1 -C does not cause cells to detach from the ECM, it is possible that it does exert its effects in a cell cycle-specific manner as described above. If this is true, then cells that entered S phase before the addition of III 1 -C may not be affected; they may continue to synthesize DNA at a normal rate. Only after their daughter cells have traversed the cell cycle and come to the next G 1 -to S-phase transition will III 1 -C inhibit DNA synthesis in these cells. Thus, the effect of III 1 -C on DNA synthesis may be seen to increase over time because more and more cells have come to the critical part of the cell cycle in which they are susceptible to control of DNA synthesis by III 1 -C. Future experiments with synchronized cell populations should help test this hypothesis for the effect of III 1 -C on VSMC growth.
In the present study, III 1 -C inhibited the FN matrix assembly of every cell type tested (rat aortic SMCs, HUASMCs, A7r5 cells, IMR-90 cells, and HUVECs); however, III 1 -C inhibited the growth of only the normal diploid VSMCs. These findings can be interpreted in either of two ways: (1) of the cell types tested, only VSMCs depend on an intact FN matrix for proliferation, or (2) the inhibition of VSMC growth by III 1 -C is due to some other effect of III 1 -C on VSMCs (an effect that is thus far specific for primary VSMCs) and is not a result of the inhibition of FN matrix HUASMCs were cultured on dishes that were either uncoated (control) or coated with FN. Cells on FN-coated dishes were also cultured in the presence of either 50, 250, or 500 g/mL mAb L8. After 4 days, the rate of DNA synthesis was measured by a 2-hour pulse labeling with [ 3 H]thymidine, as described in "Materials and Methods." The data represent the mean and standard deviation of triplicate cultures for each condition. Statistical analysis was performed by using Student's t test. *PϽ.05 and **PՅ.01 vs control.
assembly by III 1 -C. The results obtained with the mAb L8 are consistent with the idea that inhibition of FN matrix assembly leads to inhibition of VSMC growth. Thus, it may be that normal diploid VSMCs are acutely sensitive to the presence of a FN matrix in their environment, whereas the other cell types tested do not require the FN matrix for growth. In any case, it is clear that III 1 -C exerts some effect that is specific to normal VSMCs; this unique ability may prove useful in clinical applications (see below).
The mechanism(s) of how inhibition of FN matrix assembly may lead to inhibition of VSMC DNA synthesis was not addressed in the present study, but several possible mechanisms can be envisioned. For example, it is possible that the fibrillar matrix form of FN can mediate specific signals that are not generated by dimeric FN. Experiments with CHO cell adhesion and migration support this idea. 37 It is known that cell shape can exert a profound effect on the proliferation of various cells. 50 -52 Perhaps fibrillar FN induces a cellular morphology that is more conducive to growth than nonfibrillar FN. Although we were not able to detect significant differences in cell morphology after treatment with III 1 -C (particularly at treatment times of Ͻ48 hours), it is possible that more subtle changes do occur and that these lead to the inhibition of growth. Another possible mechanism is that the FN matrix (and its associated molecules) may serve as a reservoir for inhibitory growth factors (eg, transforming growth factor-␤) and that the lack of a FN matrix may result in greater exposure of the cells to these inhibitory growth factors. The opposite may also be true; the FN matrix may serve as a reservoir or cofactor for stimulatory growth factors. Subsequent studies will be aimed at distinguishing between these hypotheses.
Our results demonstrated that III 1 -C inhibited the growth of primary rat aortic SMCs but did not inhibit the growth of the rat aortic SMC line A7r5. Primary rat aortic SMCs and A7r5 cells share many similarities, including the expression of many VSMC-specific proteins. However, A7r5 and primary cells do show differences in the expression of some genes, eg, the transcription factor GATA-6. 53 In addition, the A7r5 cell line is immortalized, indicating that the normal cell cycle controls that cause primary cells to senesce are disrupted in A7r5 cells. Our results indicate that A7r5 cells have lost their dependence on the presence of a FN matrix for growth. This loss of responsiveness to the ECM may be one fundamental difference between A7r5 cells and primary rat aortic SMCs and may relate to the immortalized growth of A7r5 cells.
The properties described here for III 1 -C make it a potentially attractive tool for use in the treatment of VSMC proliferative diseases, such as restenosis. Balloon angioplasty destroys the endothelial lining in the blood vessel and promotes the proliferation of VSMCs, which reduces the diameter of the vessel lumen. 8,54 -56 An ideal treatment for this process of restenosis would allow endothelial cells to proliferate and migrate back into the injured area, thereby reestablishing the antithrombogenic lumen wall, but would inhibit the proliferation of VSMCs so as to prevent a reduction of the lumen diameter. III 1 -C was found to inhibit the proliferation of VSMCs but not of several other cell types, including endothelial cells. Moreover, III 1 -C exerts its effects by being applied extracellularly; it does not need to be expressed by a cell in order to produce its effects. It is therefore attractive to speculate that III 1 -C (or a reagent with similar properties) may serve as a useful treatment for restenosis.
